Abstract: The disturbance resistance model states that, in nutrient-poor communities, species more resistant to herbivory should dominate over the more palatable ones. Here we postulated that the disturbance resistance model should explain the species abundances in a nutrient-poor Neotropical savanna community. If so, the highly resistant species should be the commonest, whereas the poorly resistant ones should be rare. In an area of 2500 m 2 of woodland cerrado, a type of savanna, we measured the abundance of all 61 species as the total basal area and 9 antiherbivore defence traits from 10 individuals of each species. We used multiple and simple linear regressions to test the relationships between abundance and each trait or total investment in defence. Abundance was negatively related to specific leaf area (R 2 = 0.18, b = -0.87, P < 0.001), but not with the other traits nor with total defence. The relationship between specific leaf area and abundance showed that plant functional traits may influence species abundance and supported the idea that nonrandom and resource-mediated processes should prevail at a fine scale. Nevertheless, we did not find strong evidence that antiherbivory resistance can explain species abundance in resource-poor communities, in contrast to the prediction of the disturbance resistance model.
Introduction
There is an ongoing debate about the processes that determine abundance in plant communities. In some situations, stochastic events, limited dispersion, and ecological equivalence can explain species co-occurrence in a given community (Hubbel 2005) ; in others, abundance is mediated by niche-related processes (Cornwell and Ackerly 2010) . In the first case, one should not find relationships between abundance and species traits within a given community, whereas in the second case one should find them (Cornwell and Ackerly 2010) .
Herbivory is an ecological and evolutionary agent exerting a strong selective pressure in plant communities by increasing plant mortality, removing biomass that might be allocated to growth or reproduction (Coley et al. 1985) , reducing plant competitive ability (Coley and Barone 1996) , and, consequently, it may lead to a decrease in the abundances of certain plant species (Craine 2009) . As a result, plants have evolved different chemical, mechanical, phenological, or physiological antiherbivore defences (Coley and Barone 1996; Strauss and Agrawal 1999) , and the possession of such defences may determine whether a plant species will occur or not in a given location (Fine et al. 2006) . Hence, spe-cies dominance and rarity in some plant communities are strongly influenced by the top-down effects of herbivory (Brown and Gange 1989; Carson and Root 1999) .
There are two main plant strategies to deal with herbivory: tolerance and resistance (Núñez-Farfán et al. 2007) . Tolerance is the ability of fast-growing species to maintain their fitness in the face of herbivory, whereas resistance is the strategy of decreasing leaf palatability to reduce the amount of consumption experienced by plants (Mauricio 2000) . In nutrient-poor communities, resistance should prevail over tolerance as an antiherbivory strategy, since leaf loss would imply nutrient loss (Fine et al. 2006) , and the disturbance resistance model postulates that, in such communities, the most resistant species should dominate, since herbivores would selectively feed on less resistant, nutrient-rich species (Herms and Mattson 1992; Burt-Smith et al. 2003; Craine 2009 ). Thus, the resistant species are expected to be the commonest in nutrient-poor communities, whereas the poorly resistant ones should be rare (Craine 2009 ).
The Brazilian cerrado, with most of its physiogmies within the definition of tropical savanna, is characterized by acidic and nutrient-poor soils, with high amounts of aluminium (Ruggiero et al. 2002; Dantas and Batalha 2011) . There is a large abundance of herbivore insects living in cerrado (Marquis et al. 2002; Morais et al. 2011) , and preliminary estimations of the amounts of insect herbivory in Neotropical savannas suggested that leaf-chewing insects can consume from 6.8% to 17% of leaf biomass (Marquis et al. 2001; Costa et al. 2008) . For instance, since these studies did not consider other types of herbivores such as galls and miners, the amount of herbivory is probably underestimated. Cerrado woody species generally possess sclerophyllous leaves with high trichome density and latescence substances (Goodland and Pollard 1973; Diniz et al. 1999; Silva and Batalha 2011) . Whereas some of these plant features are suggested to be related to soil chemical properties within the cerrado (Goodland and Pollard 1973) , the same features are considered important antiherbivore resistance mechanisms in communities worldwide (Agrawal and Fishbein 2006; Craine 2009 ). Since the cerrado occurs on nutrient-poor soils and possesses a large abundance of herbivores and resistant plants, the abundance and rarity of cerrado woody species should be highly influenced by the different investments in antiherbivory resistance among coexisting species.
Since a plant community generally shares the same herbivore assemblage and resistance against specific herbivores is more costly than general defences, plants in the same community are likely to have similar defensive strategies, even when they are not closely related (Agrawal and Fishbein 2006; Núñez-Farfán et al. 2007 ). Hence, if herbivores exert strong ecological pressure in a given community, species that invest more in basic resistance traits, such as less palatable leaves with low nutrient content and high chemical and mechanical defences, are expected to be the commonest. Based on these assumptions, we asked whether the disturbance resistance model explained species abundance in a nutrient-poor (Dantas and Batalha 2011) cerrado community. We expected that the more resistant the species, the more successful it should be. Consequently, more resistant species should be the commonest.
Material and methods
We studied a woodland cerrado site at the Federal University of São Carlos in southeastern Brazil (approximately 21°5 8′05.3″S, 47°52′10.1″W). A woodland cerrado is a savanna dominated by 3-8 m tall trees and shrubs, with more than 30% crown cover, but still with a fair amount of herbaceous vegetation (Oliveira-Filho and Ratter 2002) . The study site is on dystrophic Oxisol, 850 m above sea level, under mesothermic, subtropical climate, with wet summers and dry winters (Cwa; Köppen 1931) . The mean annual temperature and precipitation lie around 21.3°C and 1315 mm, respectively. In an area of 2500 m 2 , divided into one hundred 5 m × 5 m contiguous plots, we sampled all individuals of the woody component, that is, individuals with a stem diameter at soil level equal to or greater than 3 cm (Secretaria de Estado do Meio Ambiente 1997). We identified them to the species level using identification keys based on vegetative characters (Mantovani et al. 1985; Batalha and Mantovani 1999 ) and compared the collected material to vouchers lodged at the Federal University of São Carlos and State University of Campinas herbaria. We used Plantminer (Carvalho et al. 2010) to check species names, to place all species in families according to the latest phylogenetic classification, and to find authority names of all the species.
Measuring plant defences and abundances
For each species in the sample, we picked 10 individuals at random. When, for a given species, there were fewer than 10 individuals in the sample, we made an additional effort to look for more individuals near the plots. Thus, the sample size was 10 individuals per species (Cornelissen et al. 2003) . From September 2008 to April 2009, for each individual in the sample, we haphazardly collected fully expanded and hardened green leaves without obvious symptoms of pathogen or herbivore attack from the upper reachable part of the canopy. In these leaves, we measured the following leaf defence traits: carbon to nitrogen ratio, specific leaf area, leaf water per area, latex content, number of trichomes, toughness, and presence of alkaloids, terpenoids, and tannins (Agrawal and Fishbein 2006) .
We measured the total carbon (C) and nitrogen (N) concentrations to calculate the C:N ratio, as an indicator of leaf nutritional quality. For each species, carbon and nitrogen concentrations were determined in five replicates at the University of São Paulo. Nutritional quality is an important constitutive plant defence, since high C:N ratios make nitrogen acquisition by herbivores difficult (Agrawal and Fishbein 2006) .
Low values of specific leaf area tend to correspond to relatively high investments in leaf defences, particularly structural ones (Cornelissen et al. 2003) . Specific leaf area also indicates rapid growth and high leaf palatability (Agrawal and Fishbein 2006) . Similarly, leaf water content is related to increased leaf palatability, and therefore low levels of leaf water should help prevent herbivory (Schädler et al. 2003; Agrawal and Fishbein 2006) . To measure specific leaf area and leaf water content, we collected two leaves from each individual, kept them in a cooler, and weighed them while still fresh. We scanned the leaves to determine the leaf area using Image J 1.33 software (National Institutes of Health, Rock-ville Pike, Bethesda, Md., USA) (Rasband 2004 ) and ovendried them at 80°C for 72 h to obtain leaf dry mass. We obtained specific leaf areas by dividing leaf area by leaf dry mass (Cornelissen et al. 2003) . We calculated leaf water per area. We first measured the difference between fresh mass and dry mass, and then standardized it by dividing it by its leaf area. Hereafter, we consider leaf water as a synonym for leaf water per area.
Trichomes are also important physical defences against herbivores. Using five replicates for each species, we counted the number of trichomes on both leaf surfaces in 28 mm 2 discs using a dissecting microscope. We also measured leaf toughness, which is related to nutritional and defence constituents and probably influences herbivore activity (Agrawal and Fishbein 2006) . We used a force gauge penetrometer (Chatillon DFE 010; AMETEK, Berwyn, Pa., USA) with a cone tip, drilling the leaf at both sides of the mid-rib.
Latex is an important chemical strategy against herbivory (Agrawal and Fishbein 2006) . We measured latex by cutting the tip of an intact leaf in the field and collected the exuding latex onto a filter paper disc. When latex ceased to flow, this disc was placed onto another dry filter paper disc, oven-dried at 60°C for 72 h, and weighed (Agrawal and Fishbein 2006) . We assigned the trait value for each trait by calculating the mean of the 10 individuals of each species.
We analysed compounds often present in Brazilian plants that could act as chemical defences against herbivores (Lima 2000) : alkaloids, terpenoids, and tannins. We carried out tests following Falkenberg et al. (2003) : a series of three assaysMayer, Dragendorff, and Wagner reactions -to determine the alkaloid presence; Liebermann-Burchard and Salkowisk reactions to test the terpenoid presence; and the ferric chloride reaction to determine the presence of tannins.
Abundance can be measured as the number of individuals (density), the total biomass, or resource use (Morlon et al. 2009 ). When abundance is measured as density, it generates bias owing to the sessile and clonal nature of plants (Murray et al. 2005) . Thus, one can wrongly consider two stems of the same individuals as two different individuals and so on (Cornwell and Ackerly 2010) . Here, we calculated species abundance as biomass expressed as the total basal area, since cerrado plants present a high degree of clonality (Hoffmann 1998) . Moreover, it is an appropriate measure for scaling from plant traits to community processes (Lavorel and Garnier 2002; Cortez et al. 2007; Cornwell and Ackerly 2010) . We measured the stem diameter at soil level of all individuals sampled and calculated the total basal area of each species by summing up the individual basal areas.
Statistical analysis
We log-transformed individual trait values and calculated trait mean value per species. We performed stepwise multiple linear regressions, using all quantitative traits as explanatory variables and abundance as response variable, selecting the best model with Akaike information criterion (AIC). Prior to the regression, we log-transformed all quantitative trait mean values per species and the abundances and standardized them to zero mean and unit variance. After the multiple regressions, we tested variance inflation for each quantitative variable, following Fox and Monette (1992) , to detect multicollinearity among explanatory variables. We also applied a simple linear regression between abundance and each defence trait, using the Bonferroni correction (Legendre and Legendre 1998) , to test for global significance and another simple linear regression to test the relationship between abundance and total defence, expressed as a defence index. To obtain the defence index, we followed Fine et al. (2006) : (i) for each species and each quantitative defence trait, we calculated the trait mean value based on the 10 sample individuals of each species; (ii) we standardized all quantitative defence traits to zero mean and unit variance; (iii) we summed up all values of defence traits, obtaining a single value of total defence per species, which we used in the regression as the defence index. The problem of this approach is that the traits have equal weights, but this is preferable to assigning subjectively different weights (Fine et al. 2006 ). To calculate this index, we used the inverse of specific leaf area and water content, since higher values of these traits represent low defence. To test the relationship between qualitative chemical defences and abundance, we performed a c 2 test. We used R to conduct all the analyses (R Development Core Team 2010).
Results
We sampled 2062 individuals belonging to 61 species and 27 families. Thus, the number of replicates was 61. Based on the selected individuals, we calculated defence traits and abundance for each species (see Table S1 ) 1 . Out of the 61 species, 26 species presented terpenoids and 57 tannins. Since only 1 species, Tocoyena formosa (Cham. & Schltdl.) K. Schum, presented alkaloids, and only 2, Kielmeyera coriacea Mart. & Zucc. and Kielmeyera grandiflora A. St.-Hil., presented latex, we did not consider these traits in further analyses. No multicollinearity or non-normality was detected in the data. Hence, we proceeded with stepwise selection, and the best model, according to the AIC, was the one containing specific leaf area and trichome density (DAIC = 4.54). The model was significant (R 2 = 0.21, P = 0.001), but the only trait that significantly explained the species abundance was specific leaf area, negatively related with it (b = -0.87; P < 0.001; Table 1 ). We found a similar result with the simple linear regressions using all traits and Bonferroni's correction (Table 1 ; Fig. 1 ): only the specific leaf area was related to abundance (b = -0.8; R 2 = 0.18, P < 0.001). There was no significant relationship between species abundance and the defence index (b = 0.03; R 2 = 0.015, P = 0.338) or other qualitative or quantitative defence traits (Table 1; Fig. S1 1 ) .
Discussion
The specific leaf area was the only trait related to species abundance. Although other traits did not explain species abundance, this relationship indicated that environmental or biotic drivers influenced species abundance in the community, as expected. If stochastic events, limited dispersion, and ecological equivalence were the main factors explaining species abundance in the community (Hubbel 2005) , one should find no correlation between traits and abundance (Cornwell and Ackerly 2010) . Our results supported the general idea that, at a fine scale, neutral processes are unlikely to determine species distribution (Cornwell and Ackerly 2010) .
The commonest species presented the lowest values of specific leaf area. The same pattern was found in Californian plant communities (Cornwell and Ackerly 2010) . Species with low specific leaf areas have thicker laminas, veins that protrude more, higher tissue density, or combinations of these (Westoby et al. 2002) . Low values of specific leaf area are related mainly to slow growth rates, but also with a high defence allocation (Chapin et al. 1993) , low leaf palatability (Neves et al. 2010; Schädler et al. 2003) , low maximum photosynthetic capacity (Cornelissen et al. 2003) , and long leaf life span (Westoby at al. 2002) , most of which are related to nutrient stress (Craine 2009 ). The negative relationship between abundance and specific leaf area indicated that species with slow growth rates were dominating the community. Thus, the community seems to offer a greater availability of niches to slow-growing species, which demand fewer resources, than to fast-growing species, which demand more resources. Nevertheless, since other antiherbivory resistance traits were not related to abundance, one cannot unambiguously relate the negative relationship between the abundance and specific leaf area to the effects of herbivory in selecting species with high investments in antiherbivory resistance.
Total defence and other defence traits did not explain species abundance. Although studies have provided evidence that highly resistant species should dominate in resourcepoor, unproductive communities (Fine et al. 2006; Hanley et al. 2007; Moles et al. 2011) , none have tested this postulate in a community-wide approach. Up to now, the main evi- dence of the model's predictions is based on a controlled laboratory experiment (Burt-Smith et al. 2003) and studies that have compared resistance, or the costs of resistance, in few species growing in resource-rich and resource-poor environments (Koricheva 2002; Fine et al. 2006; Hanley et al. 2007) . Our study, which explicitly tested this idea in a community, did not corroborate the postulate of the disturbance resistance model, since more resistant species did not dominate our resource-poor community.
Investments in resistance against herbivory vary with nutrient availability at large scales, among different vegetation types (Fine et al. 2006) . However, it is unclear whether heterogeneity in nutrient availability at fine scales could result in local interspecific or intraspecific differences in leaf structure and chemical features. Schädler et al. (2003) , who also did not find any effects of leaf palatability on species abundance, suggested that the regulation that herbivory exerts on plant communities could be nonlinear, resulting from interacting effects of herbivore preferences, resource availability, and competition. For example, a selective pressure of herbivores on plants whose leaves have lower nutritional quality could have indirect effects on plant abundance by interfering in nutrient cycling (Belovsky and Slade 2000) . Herbivores that preferentially feed on plants whose leaves are nutrient poor would favour species with leaves of high nutritional quality. Since leaves of high nutritional quality decompose faster, fast-growing plant species, which generally have different defence attributes (Craine 2009 ), would be favoured (Belovsky and Slade 2000) . If this effect is strong enough, it could mask the consequences of direct top-down effects (Belovsky and Slade 2000) . As long as leaf traits are very plastic in cerrado species (Hoffmann and Franco 2003) , and because soil can vary at small distances (Souza and Martins 2004) , resource availability could influence plant investments in resistance. Measuring local resource availability and competition could help to explain whether and how herbivory influences species abundance.
Moreover, if herbivores in cerrado are specialists instead of generalists, species-specific antiherbivory resistance should better explain species abundance than the general resistance traits used here. Finally, a weak selective pressure exerted by herbivory could also be the cause of the results we found here. This absence of selectivity could be a consequence of either predator control exerting top-down effects on herbivore populations (Hairston et al. 1960) or the widespread occurrence of sclerophyllous leaves among cerrado species, which could be exerting bottom-up effects on herbivores, maintaining herbivore populations at low densities (Polis 1999; Neves et al. 2010) . The fact that we did not find a correlation between carbon:nitrogen ratio and species abundance seems to support this idea, since the consumption of leaves by leafcutting ants in cerrado is positively related to the amount of nitrogen in leaves (Mundim et al. 2009 ).
There is much controversy in the field of community ecology about the drivers of species abundance worldwide. However, integrating species abundance into a wider context, considering biotic and abiotic interactions, is one promising path to obtain advances in this field (McGill et al. 2007 ). Here, we showed evidence that plant functional traits influence species abundance and that specific leaf area may develop an important role in this context, not only in cerrado but also in other vegetation types (Cornwell and Ackerly 2010) . Nevertheless, we did not find evidences that antiherbivory resistance can explain species abundance in resource-poor communities, in contrast to the prediction of the disturbance resistance model.
